With optical absorption contrast and ultrasonic spatial resolution, photoacoustic (PA) tomography has been applied to animals or human organs such as breast, brain, and skin. [1] [2] [3] [4] [5] [6] In the past, the majority of the PA imaging studies have been based on electronic absorption of molecules and nanostructures. Photoacoustic imaging employing molecular overtone vibration as a contrast mechanism opens a new avenue for bond-selective imaging of deep tissues. In particular, overtones of C-H bond vibration have been adopted to visualize lipid and collagen. [7] [8] [9] [10] [11] [12] [13] In order to resonate with C-H bond vibration, laser wavelengths at 1210 or 1730 nm are used, where the absorption peaks of the second and first overtone reside.
14 Currently, the optical parametric oscillator (OPO) pumped by harmonics of Nd∶YAG laser is employed to generate the necessary wavelengths. [7] [8] [9] [10] [11] [12] However, the conversion efficiency at the aforementioned specific wavelengths is very low, making it difficult to generate high pulse energy needed for vibrational PA tomography. In addition, the cost of an OPO often exceeds that of the pump laser.
Herein, we describe an approach to address the aforementioned barriers by efficiently shifting the wavelength of a Nd∶YAG laser with a homebuilt solid-state Raman laser. The Raman laser, also called a Raman shifter, is based on the process of stimulated Raman scattering in a gain medium. The output wavelength of a Raman laser is determined by the pump wavelength and Raman shifts of the medium. By virtue of excellent properties, barium nitrite [BaðNO 3 Þ 2 ] crystal-based Raman lasers have been reported in a lot of literature. [15] [16] [17] [18] [19] [20] [21] The BaðNO 3 Þ 2 crystal is an isotropic material with cubic symmetry. Its Raman spectrum is dominated by a strong peak at 1047 cm −1 , which corresponds to the "breathing" mode of the NO 3 molecular group. At room temperature, the Raman gain coefficient of BaðNO 3 Þ 2 crystal is 11 cm∕GW, pumped by the 1064-nm Nd∶YAG laser. The optical damage threshold is ca. 400 MW∕cm 2 . 22,23 Herein, we demonstrate for the first time the construction and use of a BaðNO 3 Þ 2 crystal-based Raman laser for vibration-based PA imaging. Using a 10-Hz Nd∶YAG laser as the pumping source, up to 21.4 mJ pulse energy at 1197 nm was obtained, corresponding to the conversion efficiency of 34.8%. PA imaging of intramuscular fat sample was performed to prove the concept of using a Raman laser to map lipid distribution in biological tissues.
A schematic of our setup is shown in Fig. 1 . The BaðNO 3 Þ 2 crystal (MolTech GmbH, Germany) was pumped by a Qswitched Nd∶YAG laser (Continuum Surelite SL III-10) operated with a 10 Hz repetition rate and 5 ns pulse duration (FWHM). A polarizing beam splitter (PBS) was used to purify the polarization of the fundamental 1064-nm laser light. A halfwave plate (HWP) and a second PBS were combined and used as a variable attenuator to adjust the pump pulse energy. A telescope composed of two positive lenses with focal lengths of 200 and 75 mm was employed to reduce the pump beam size to match the dimensions of the BaðNO 3 Þ 2 crystal. For the Raman laser, a flat-flat resonator with a cavity length of about 10 cm was used. The resonator end mirror (Lattice Electro Optics, Inc.) was coated with high reflectivity at 1197 nm (R > 99%). The output coupler (Lattice Electro Optics, Inc.) was coated with high reflectivity at 1064 nm (R > 99%) and 40% transmission at 1197 nm. The BaðNO 3 Þ 2 crystal, with dimensions of 4× 4 × 38 mm 3 , was coated with high transmission at 1064 and 1197 nm on both faces. The generated 1197-nm Raman laser was directed into an inverted microscope (IX71, Olympus) for PA imaging. An achromatic doublet lens (30 mm focal length, Thorlabs) was applied to focus the Raman laser on the samples. The PA signals were detected by a focused ultrasonic transducer (V317, Olympus NDT), followed by a preamplifier (5682, Olympus NDT) and a pulse receiver (5073 PR-15-U, Olympus NDT). The collected PA signals were then sent to a digitizer (USB-5133, National Instrument), and retrieved via a customized LabVIEW program. To perform 3-D vibrational PA imaging, an XY translational stage (ProScan H117, Prior) was employed for raster scanning of samples.
Performances of the Raman laser are shown in Fig. 2 . The spectral profile of the Raman laser output, measured by the USB 2000 spectrometer (Ocean Optics), indicates the central wavelength of ca. 1197.6 nm [ Fig. 2(a) ]. The maximum pump energy was limited to 60 mJ by crystal damage threshold, with maximum output pulse energy measured to be 21.4 mJ, corresponding to a slope efficiency of 45.4% [ Fig. 2(b) ]. The key parameter, conversion efficiency, was defined as the pulse energy of the Raman laser divided by the pulse energy of the pump laser incident on the BaðNO 3 Þ 2 crystal. As shown in Fig. 2(c) , the maximum conversion efficiency is about 34.8%, which is much larger than 0.5%, the efficiency for the OPO system we used before (Panther EX Plus, Continuum). The threshold for the 1st Stokes Raman laser was measured to be 11.6 MW∕cm 2 . The discrepancy between the experimental value and the theoretical value (6.1 MW∕cm 2 ) may arise from the optical losses resulted from deflection and diffraction. 19 Variation of the 1st Stokes output energy obtained with 60 mJ pump energy (incident on the crystal) were plotted up to 1.5 h, as shown in Fig. 2(d) . The maximum pulse energy drop was 12%, which may be caused by the fluctuation of the pump Nd∶YAG laser (6%) and instability of the cavity.
Intramuscular fat was employed to demonstrate the capability of the Raman Laser for PA imaging. The muscle samples, which were cut into 10 × 10 × 4 mm 3 pieces, were harvested from a goat and then preserved in fixative 10% buffered formalin. The small muscle piece was then placed in a glass bottom dish and embedded with H 2 O-agarose gel for the subsequent PA imaging. With the pulse energy of 60 μJ on the sample, PA imaging of intramuscular fat was conducted, as shown in Fig. 3 . On-resonant and off-resonant PA images are shown in Fig. 3(a) and 3(b) . A strong signal was found at 1197 nm and the contrast nearly disappeared at 1064 nm. These data demonstrate that PA signal is generated from the C-H bond overtone vibration of lipid. This lipid imaging capability was further confirmed by histological examination of the same tissue [ Fig. 3(c) ], where the same morphology of fat (white color) was observed. On the same setup, we further demonstrated 3-D PA imaging of intramuscular fat [ Fig. 3(d) ], with an axial resolution of 110 μm, a lateral resolution of 60 μm, and an imaging depth of ∼3 mm.
In conclusion, we demonstrated PA imaging of lipids with a compact BaðNO 3 Þ 2 crystal-based Raman laser. Up to 21.4 mJ pulse energy at 1197 nm was produced, corresponding to the conversion efficiency of 34.8%. The high conversion efficiency of the Raman laser would enable vibrational PA tomography by using a larger BaðNO 3 Þ 2 crystal to endure larger incident pulse energy and generate 100 mJ=cm 2 pulse energy at 1197 nm (currently under progress). Notably, such energy is considered to be 
